Paleoelevation reconstruction using stable isotopes, although a relatively new science, is making a signifi cant contribution to our understanding of the recent growth of the world's major orogens. In this review we examine the use of both light stable isotopes of oxygen and the new "clumped-isotope" (Δ 47 ) carbonate thermometer in carbonates from soils. Globally, the oxygen isotopic composition (δ 18 O) of rainfall decreases on average by about 2.8 ‰/km of elevation gain. This effect of elevation will in turn be archived in the δ 18 O value of soil carbonates, and paleoelevation can be reconstructed, provided (1) temperature of formation can be estimated, (2) the effects of evaporation are small, (3) the effects of climate change can be accounted for, and (4) the isotopic composition of the carbonate is not diagenetically altered. We review data from modern soils to evaluate some these issues and fi nd that evaporation commonly elevates δ
INTRODUCTION
There is considerable debate over the timing and causes of uplift of the earth's great mountain ranges and plateaux, such as Tibet, the Himalaya, and the Andes (Fig. 1 Fig . 1 ). Estimates of paleoelevation change provide key constraints for competing general models that link such large-scale orogenic events with lithospheric-scale geodynamic processes Garzione et al. 2006; Rowley and Currie 2006; Kent-Corson et al. 2007 ). The use of the isotopic composition of carbonates, silicates, and oxides is at the forefront of these paleoelevation reconstructions. In this chapter we review use of one of several geologically abundant secondary carbonates-calcite formed in soils (or "pedogenic carbonate")-in paleoelevation reconstruction.
The H and O isotopic composition of rainfall (expressed as δ

18
O mw and δD mw values in per mil, or ‰, relative to SMOW) varies primarily as a function of the degree of rainout (removal of water condensate) from a vapor mass. As rainout proceeds, 2 H (D) and 18 O are preferentially removed from the vapor mass, decreasing δD and δ
O values of both the water vapor and rainfall derived from it. As a vapor mass ascends over mountains, adiabatic expansion causes cooling and condensation of water as so-called "orographic precipitation" (e.g., Roe 2005) , producing some of the largest isotopic gradients in rainfall observed on Earth. A number of studies document large fractionations in the H and O isotopes in rainfall, snowfall, and associated surface water with increasing elevation (e.g., Ambach et al. 1968; Siegenthaler and Oeschger 1980; Sonntag 1982, Ramesh and Sarin 1995; Garzione et al. 2000a; Gonfi antini et al. 2001; Stern and Blisniuk 2002; Rowley and Garzione 2007 ; but see Dutton et al. 2005) . The δ 18 O-elevation relationship has been calibrated both empirically (e.g., Garzione et al. 2000a, Poage and Chamberlain 2001) and theoretically using basic thermodynamic principles that govern isotopic fractionation of an ascending vapor mass (Rowley et al. 2001; Rowley and Garzione 2007) . Globally, the δ 18 O mw value of rainfall on average decreases by 2.8 ‰/km (Poage and Chamberlain 2001) , although the scatter around this average is very considerable (Blisniuk and Stern 2005) , as we discuss for the cases of Tibet and the Andes in the next section of this review.
Studies using oxygen (and hydrogen) isotopes take advantage of this strong sensitivity of δ
O mw values to elevation change to reconstruct paleoelevation. Stated simply, the basic approach to paleoelevation reconstruction is this: the oxygen isotope composition of paleocarbonate buried in geologic sections can be used to estimate the oxygen isotope composition of soil water, which in turn is used as an estimate of δ
O mw values; and it is this estimate of δ
O mw values that is compared with empirical or theoretical isotopic lapse rates to estimate paleoelevation.
Two key complications in this approach to paleoelevation reconstruction are that carbonates, including pedogenic carbonate which forms in soils, record the oxygen isotopic composition of soil waters (which may differ from meteoric water) and of the temperature of carbonate formation, both of which vary with elevation. Early studies used the δ Quade, Garzione, Eiler (or δ 18 O sw , expressed in ‰ relative to SMOW) (Garzione et al. 2000a,b; Rowley et al. 2001; Blisniuk et al. 2005; Currie et al. 2005; Rowley and Currie 2006 (Cerling and Quade 1993) . Moreover, the season of carbonate precipitation may also affect the isotopic composition of pedogenic carbonate, both in terms of seasonal variability in the temperature of carbonate formation and the isotopic composition of rainfall and soil water (e.g., Quade et al 1989a; Amundson et al. 1996; Liu et al. 1996; Stern et al. 1997 ).
These competing effects can be mitigated by the application of a new "clumped-isotope" carbonate thermometer that allows the determination of the temperature of carbonate formation (Ghosh et al. 2006a ). This technique relies on the abundance of bonds between rare, heavy isotopes (i.e., 13 C-18 O) in the carbonate mineral lattice, the relative abundance of which increases at lower temperatures. Recent paleoelevation studies (Ghosh et al. 2006b ) applied this carbonate thermometer to better constrain δ
O sw values from which paleoelevation was calculated using the traditional approach ).
We will begin this review by evaluating modern variability in δ
18 O values of surface waters with elevation change across the Andean plateau ( Fig. 1a ) and the Himalayan-Tibet plateau (Fig. 1b) . Global patterns of the δ
O mw /elevation relationship are comprehensively reviewed in Poage and Chamberlain (2001) and Blisniuk and Stern (2005) . We will then compare δ
O mw to δ
O sc results from the Mojave Desert, the Andes, and Tibet, among the few regions where coupled water and carbonate isotopic data from modern soils are available, providing an essential interpretive backdrop for the paleosol carbonate records. Finally, we present case studies from the Andes and Himalaya-Tibet as examples of the use of δ 18 O and "clumped-isotope" values from pedogenic carbonates in paleoelevation reconstruction.
DEPENDENCE OF THE ISOTOPIC COMPOSITION OF RAINFALL ON ELEVATION δ
18
O mw values decrease with elevation gain on both sides of the Andes and Tibet (Fig. 2  Fig. 2a ). On the windward side, these changes refl ect the expected effects of progressive distillation on air masses as they rise, cool, and rain out over an orographic barrier. Interestingly, δ 18 O mw values also decrease with elevation on the leeward sides of large mountain ranges, especially in warm climates (summarized in Blisniuk and Stern 2005) , including the western fl ank of the central Andes, the Himalaya, and to some extent the Sierra Nevada's. This is not predicted by Rayleigh distillation models of cloud mass rain out (Rowley and Garzione 2007) . Some research suggests that in dry leeward settings, raindrops are evaporatively enriched in 18 O during descent, and a small fraction of the original raindrop reaches the ground (Beard and Pruppacher 1971; Stewart 1975) . Thus, evaporative gains in raindrop 18 O apparently more than offset Rayleigh-type depletions in 18 O in the original cloud mass.
One striking example of this pattern is from the Andes, drawing mainly upon published data between 17-21°S from Gonfi antini et al. (2001) and our unpublished water data for the eastern side of the Andes, and from Fritz (1981) and Aravena et al. (1999) for the Pacifi c slope (Fig. 2a) . For the eastern slope, δ
O values decrease by ~2.6 ‰/km across an elevation gain of 2200 m. These results match well with δ
18 O values of snow from Mt. Sajama (Hardy et al. 2003) , and rain falling on Lake Titicaca (Cross et al. 2001) . On the Pacifi c slope, samples collected from 22 stations over a four-year period show an even steeper isotopic lapse rate of −6.2 ‰/km. We will return to these data when we look at isotopic results from modern pedogenic carbonates in this region.
Stream-water sampling from Garzione et al. (2000a) along the Kali Gandaki up the south face of the Himalaya at about 78°E shows a very regular decrease in δ
O mw values (Fig. 2b) . The best fi t to these data is a second-order polynomial, with an average decrease of around 2.5 O mw values decrease to below −20‰ for elevations above 5000 m, as sampled near high-elevation glaciers (Zhang et al. 2002; Tian et al. 2005) and from streams fl owing from the highest elevations on both sides of the Himalaya (Tian et al. 2001) . The more unexpected pattern is the increase in δ
O mw values north of the Himalayan crest, as observed by Tian et al. (2001) and Zhang et al. (2002) . The sampling stations are widely dispersed, and we can add our own unpublished stream water samples from about 29-34°N. The combined data display an increase of ~1.5 ‰/° latitude. Virtually all the collection stations range from 3700 m to 5000 m. With our own stream-water samples, we show sampling elevations (Fig. 2b) unadjusted for the more relevant mean elevation and latitude of the catchment. But since we sampled mostly small catchments, we believe the correlation with Tian's and Zhang's data is not a coincidence.
The southwest Indian monsoon dominates rainfall south of the Himalayan front as well as stations immediately north of the crest, perhaps mixed from some contribution from the East Asian monsoon. The seasonal distribution of δ
O mw values for Lhasa, located 1.5° north of Himalayan ridgecrest, illustrates this. Over ninety per cent of the rain falls in the summer rainy season, and that rainfall displays much lower δ
O mw values than winter snow and rain (Araguás-Araguás et al. 1998) . The strong 18 O and D depletions in summer rainfall can be modeled in terms of gradual, Rayleigh distillation of moisture (Rowley et al. 2001 ) that derives water vapor Quade, Garzione, Eiler from the equatorial Indian Ocean or East China Sea, is drawn northward and westward over land in the summer, and rises, cools and rains out as it passes over the Himalaya and Tibet.
This simple picture does not explain the gradual increase in δ
O mw values north of the Himalayan crest. Mean elevation of sampling sites north of the crest lies almost entirely within 4500 ± 500 m, and even increases slightly northward, the opposite of the expected pattern where elevation is the main determinant of δ
O mw values. Likewise, the continentality effect-simple rain out of air masses with distance from coastlines-should cause δ
O mw values to decrease inland, not decrease.
The explanation provided by Tian et al. (2001) and supported by a variety of data, including seasonality of rainfall and deuterium excess, is that other, either local or northerly derived air masses penetrate southward during the winter months. The δ
O mw value of stream samples and amount-weighted rainfall samples increase northwards, refl ecting a decreasing proportion of summer (monsoonal) rainfall in year-round weighted rainfall. The key point for paleoelevation reconstruction is that δ
O mw values change quite signifi cantly across the Tibetan Plateau for climatic, not elevational reasons. The result is that lapse rates in the southern plateau (−2.6 ‰/ km) are almost twice those of the northern plateau (−1.5 ‰/km). Consequently, paleoelevation estimates depend on distance of sampling sites from the Himalayan range crest, and how climate change in the past, such as a strengthened or weakened Asian monsoon, might have increased or decreased isotopic lapse rates northward on the plateau.
MODERN PEDOGENIC CARBONATES
Pedogenic carbonate formation
The general equation for weathering (to the right) and calcite precipitation (to the left) in soils is:
Here we use calcite as the parent material but in its place just as easily could have used Ca-Mg silicate minerals. Pedogenic carbonate formation (to the left) is driven by both soil water and CO 2 loss. Seasonality of carbonate formation is not known for certain, but in most settings it is likely concentrated in the summer half year when soils are thawed or warmer, plants are active and evapotranspiring, and evaporation is greatest.
In well-drained soil profi les, water for weathering reactions like (1) is supplied directly by local rainfall. Pedogenic carbonate thus enjoys a key advantage over other types of carbonate in paleoelevation reconstruction in that it forms from rainfall that fell on the site, and not runoff from higher elevations, as in the case of many riverine and lacustrine carbonates. For the oxygen system, molar water to rock ratios are extremely high in soils, and thus the δ 18 O value of secondary weathering phases such as clays, iron oxides, and carbonates should not be infl uenced by parent material during weathering. Analogously, for the carbon system in most soils, the molar C plant /C parent material is also very large, and hence plant CO 2 mixed with the atmospheric CO 2 , and not carbon from local parent material such as limestone, will determine the δ 13 C value of pedogenic carbonate. In dry climates, soils dewater largely by a combination of evapotranspiration (ET) and evaporation (E), with some percolation through to the local water table. The ratio of dewatering by these processes (F E /F ET ) decreases with increasing soil depth and increasing rainfall. For oxygen isotopes in soils, evaporation is a fractionating process, enriching residual soil water in 18 O. By contrast, evapotranspiration is a non-fractionating process; water is drawn unfractionated into plant roots from the soil. Hence, in drier climates and shallower in soils, evaporative enrichment in 18 O has been widely observed (e.g., Allison et al. 1983; Hsieh et al. 1998) . After correction for temperature (discussed later), this effect should also be expressed in secondary mineral phases, such as carbonates in soils. In the next section we compare δ
18
O sc values to local δ 18 O mw values from rainfall collected sometime in the last few decades. To make this comparison, we use pedogenic carbonate samples that formed recently, preferably over the latter part of the Holocene, on the assumption that this is the carbonate most likely to represent isotopic equilibrium conditions between calcite and the sampled water. In the absence of radiometric dates from our samples, we use pedogenic carbonate morphology as a qualitative indicator of age, following the conventions of Gile et al. (1966) (see also Machette 1985) , in which thin carbonate coatings on alluvial clasts represent Holocene-age cements, and continuous fi lling of the soil matrix by carbonates represents older (10 4 -10 6 yrs) Quaternary cementation.
The oxygen isotopic composition of Holocene pedogenic carbonate Salomans et al. (1978) , Talma and Netterberg (1983) and Cerling (1984) were among the fi rst to show that δ
O mw values are positively correlated with the δ
O sc values, a relationship later shown to hold true for a variety of meteoric cements (Hays and Grossman 1991) . The details of this relationship are worth exploring in light of newer data and from the perspective of paleoelevation reconstruction. To do this we selected three data sets that encompass the broad range of rainfall (~20 to 1000 mm/yr) in which pedogenic carbonates develop. These include modern pedogenic carbonates from the relatively wet mid-western USA (Cerling and Quade 1993) , the Mojave Desert (Quade et al. 1989a) , and from the extremely arid Atacama Desert ( Fig. 1a ; Quade et al. 2007 ). We compare δ
O sc values from Holocene-age soils against predicted δ
O sc based on local mean annual temperature (MAT) + 2 °C (see defense of this formulation in the next section of the paper) and known δ
O mw values (Fig. 3  Fig. 3 ). In higher rainfall areas, predicted and observed δ
O sc values are positively correlated, as observed by others previously (i.e., Salomans et al 1978; Cerling 1984) . The departures of observed δ
O sc values from the 1:1 predicted line are larger where the climate is drier, consistent with evidence from modern soil water studies (e.g., Hsieh et al. 1998) . Hence, pedogenic carbonates from the driest sites in the Mojave (MAP < 100 mm/yr) and in nearly all sites in the hyperarid Atacama Desert Quade et al. (1989a) and Cerling and Quade (1993) , and Quade et al. (2007) O sc values increase toward the surface (Fig. 4 Fig . 4 ), whereas from moister settings like Kansas, δ
O sc values show little variation with soil depth (Cerling and Quade 1993) .
In the context of paleo-elevation reconstruction, the following conclusions can be drawn: (1) One feature of soils that confers a signifi cant advantage compared to other carbonates (such as lacustrine carbonate) is that soil T converges toward mean annual air T at depth. In contrast, shallow aquatic systems where many carbonates form can experience sharp diurnal and seasonal changes. Soil T varies with time (t) and exponentially as function soil depth (z) following (from Hillel 1982):
where T avg is average air temperature, A o is seasonal or diurnal maximum and minimum T amplitude at z = 0, ω is radial frequency, z is soil depth, d is the "damping" depth (or 1/e folding depth) characteristic of the soil:
where κ is thermal conductivity and C V is volumetric heat capacity. As regards surface-T fl uctuations, the 1/e folding depth of diurnal fl uctuations in the order of centimeters, much shallower than the average depth of carbonate accumulation. This is due mainly to the high diurnal radial frequency (in which ω = 2π/86,400 seconds), which in Equation (2) is inversely related to the damping depth. Seasonal temperature fl uctuations have a much lower radial frequency, hence greater damping depth. Therefore, it is seasonal fl uctuations in T, and their attenuation at deep soil depths (> −20 cm) where soil carbonate forms, that is the chief concern here.
Taking the hypothetical example of a Tibetan soil near Lhasa at 4100 m, we assume in the following simulation 0.0007 cal/cm sec, and 0.3 cal/cm 3 °C for κ and C V (from Hillel 1982), respectively. This yields 1/e folding lengths for seasonal temperature change of plateau soils of about 150 cm.
Average ground temperature differs by 1-3 °C from average air temperature due to excess ground warming during the summer months (Bartlett et al. 2006 ). This offset is correlated with mean radiation received at a site (1.21 K/100 W m −2 ), which is in turn is a function of vegetation cover, slope aspect, and latitude. For our calculations we added a constant 2 ± 1 °C to average air temperature to arrive at average ground temperature at depth.
Depth of pedogenic carbonate formation is typically between 50 and 150 cm on the Tibetan plateau. At these high elevations the soil is at or below freezing half of the year. Thus we can assume that pedogenic carbonate formation occurs during the summer half year, when soils thaw or are warmer, evaporation is greatest, and when plants are actively transpiring soil water. For our Tibetan soil site at 4100 m, monthly mean extremes in air temperature range between 11.6 and −6.4 °C, around a mean of about 2.6 °C. This yields a modeled seasonal T amplitude of about 12.7 °C at 50 cm to 6.7 °C at 150 cm (Fig. 5 Fig. 5) . For the summer half-year, this produces a range of 1.5 to 0.7‰ uncertainty in the estimation of paleo-δ 18 O mw from pedogenic carbonate sampled from 50 to 150 cm soil depth, respectively (Fig. 5b) . Here we use the fractionation factor (α) between calcite and water of 1000lnα calcite-water = (18030/T) − 32.42, where T is in Kelvins (Kim and O'Neil 1997) . We can conclude that deeper sampling is better for reducing the error in paleo-elevation reconstruction arising from seasonal fl uctuations in temperature. The contribution to the error can be no less than on the order ~0.8‰ for typical Tibetan soils; in other words, about 300 m in paleoelevation terms.
Evaluation of aridity
Aridity is of interest in paleoelevation reconstruction for two reasons: (1) in extreme aridity cases, the δ
18
O sc values are dominated by evaporation, and realistic estimates of paleoelevation are probably not obtainable, no matter the sampling density, and (2) aridity develops in rain shadows, and thus may provide qualitative evidence of orogenic blockage of moisture.
Evaluation of paleoaridity can (and should) be approached both qualitatively and quanti- tatively. The qualitative approach involves both soil morphology and carbonate leaching depth. Rech et al (2006) provides one recent example from the central Atacama Desert of the utility of paleosols in establishing the limits on paleo-aridity (Fig. 1a) . They showed that hyperarid (< 20 mm/yr) conditions have prevailed-based on the presence of buried nitrate and gypsic paleosols-in the central Atacama Desert since at least 12 Ma. In this setting where evaporation strongly distorts δ
O sc values, useful estimates of paleo-elevation are hard to obtain, as we will argue in a later section of the paper. Rech et al (2006) go on to describe older calcareous paleosols in the ~20 Ma range characterized by strong reddening, visible secondary clay accumulations, and vertic fracturing of the paleosol. These are all features uncharacteristic of calcareous paleosols of the current Atacama Desert, and a good match to modern soils now found in moister central Chile where mean annual rainfall (MAP) is > 200 mm/yr. These kinds of pedogenic carbonates are much better targets for paleoelevation reconstruction.
In addition to reddening and clay content (Birkeland 1984) , depth of pedogenic carbonate leaching is a useful qualitative index of paleoaridity. In modern soils, leaching depth increases by 0.2 to 0.3 cm/cm rainfall (Jenny and Leonard 1934; Royer 1999; Wynn 2004) . The scatter around this relationship is very large, due to a host of factors such as erosion of paleosol surfaces, texture of parent material, local drainage conditions, and so forth (Royer 1999) . In our experience, depth of leaching is useful where multiple paleosols can be observed, vertically and along strike, in an attempt to average out some of the non-climatic infl uences listed above. For a more quantitative approach to paleoaridity, carbon isotopes from pedogenic carbonate can provide evidence of soil respiration rates, which are closely related to plant cover at a site, and hence aridity. Respiration rates cannot be calculated from δ
13
C sc values without independent knowledge of δ 13 C values of local plant cover, because both C 3 and C 4 plants compose modern vegetation. C 4 plants expanded across low-latitude and mid-latitude ecosystems between 8 and 4 Ma, prior to which time C 3 plants appear to dominate most ecosystems (Cerling et al. 1997 ; but see also Fox and Koch 2004) . This ecologic simplifi cation makes estimation of paleorespiration rates from δ
C sc values possible prior to about 8 Ma, since the only two end members contributing to soil CO 2 are C 3 plants and the atmosphere (Fig. 6 Fig . 6 ). Prior to the mid-Oligocene, pCO 2 appears to have been much higher (Pagani et al. 1999; Pearson and Palmer 2000; Pagani et al. 2005) , once again complicating estimation of paleo-respiration rates. But for the period 30-8 Ma, paleo-respiration rates can be calculated from δ
C sc values alone, allowing us to trace the development of rain shadows in the lee of both the emerging Himalaya and Andes.
The basic principle, fi rst modeled in Cerling (1984) and modifi ed in Davidson (1995) and Quade et al. (2007) , is that the δ 13 C value of soil CO 2 , and the pedogenic carbonate from which it forms, is determined by the local mixture of C 3 plant CO 2 and atmospheric CO 2 . In general, the deeper in the soil profi le or the higher the soil respiration rate, the greater the infl uence of plant-derived CO 2 . Thus, for a given soil depth, δ
C sc values are determined by soil respiration rate. Temperature has a very modest effect on carbon isotope fractionation (~ −0.11 ‰/°C). As an example, δ
C sc values will increase from −4.6 to −9.4‰ as respiration rates increase from 0.5 to 8 mmoles/m 2 /hr at 9 °C ( . Changes in the δ 13 C (PDB) value of soil carbonate at various respiration rates (indicated) in a pure C 3 world and at low pCO 2 (400 ppmV) from 30 to 8 Ma, as predicted by the one-dimensional diffusion model of Cerling (1984) and Quade et al. (2007) , assuming δ 13 C (PDB) of plants = −25‰, δ 13 C (PDB) of the atmosphere = −6.5‰, an exponential form to CO 2 production with depth, and characteristic CO 2 production depth (k) of 32 cm. Black bar denotes range of sampled carbonate soil depths and average δ 13 C sc (PDB) values from late Oligocene paleosol carbonate samples from Nima, southern Tibet; horizontal error bar refl ects uncertainties in soil porosity = 0.5 ± 0.1 (see Hillel 1982) , T = 9±3°C, and pCO 2 = 400 ± 100 ppmV (see Pagani et al. 2005 O sc values from modern soils from different elevations in southern Nevada, Tibet, and the Pacifi c slope of the Andes. Our conclusion is that δ
18
O sc values from the warm and arid Mojave and hyperarid Atacama are severely affected by evaporation, whereas evaporation effects are much reduced in carbonates from moist India/Nepal and dry but very cold Tibet. O mw values compiled from 32 stations located across the region decreases with elevation by a modest 1.3 ‰/km (r 2 = 0.4) (Friedman et al. 1992) . If these δ
O mw values are representative of rainfall falling on soil sites, the δ
O sc values predicted to form in equilibrium with them (adjusting for temperatures at each site) would all be around −13‰ (Fig. 7) , and virtually invariant with elevation. We only observe these very low values deep in soils at the wetter sites (MAP > 200 mm/yr). The residual between observed and predicted δ
O sc values is strongly correlated ( (Fig. 8) , and can yield large (> 2 km) underestimates of actual elevation.
We recently completed a transect up the Pacifi c slope of the Andes at 24°S (Fig. 1a; Fig. 9 Fig . 9 ). The transect spans the central sector of the Atacama Desert, one of the driest regions in the world. δ
O sc values for samples > 50 cm depth from this transect vary between −5.9 and +5.4‰. Scatter of data within one profi le or across several profi les in a narrow elevation range is very large, often > 5‰, even from samples deeper than 50 cm. In spite of this scatter, the most negative δ
O sc values decrease modestly with elevation, from as low as −2‰ on the coast to −5.9‰ at 3400 m, with an excursion toward higher values in the driest part of the transect between about 1000 and 2500 m, a region so dry that it is virtually plantless.
The δ
18
O mw values from Fritz (1981) and Aravena et al. (1999) can be used to predict δ
O sc values assuming MAT + 2 °C at soil depth, with an error of ≤ 1.5‰ at ≥ 50 cm, as calculated in a previous section. In the coastal Atacama, fog drip outstrips rainfall from the rare Pacifi c storm (Larrain et al. 2002) , and hence we compare δ
O mw values of fog (Aravena et al. 1989 ) and of local rainfall as assumed parent waters in the coastal zone. We fi nd that observed δ
O sc values always exceed predicted δ
O mw values (Fig. 9) . Predicted δ
O sc values along the transect between sea level and 4000 m are between about −3 and −15‰, whereas the most negative observed δ
O sc values range between −3 and −5.9‰. Clearly, the prognosis for meaningful paleoelevation reconstruction in such arid conditions is poor. For example, even with our very large sample size of >60 from between 3000 and 4000 m, we would underestimate paleoelevation using only the most negative values by at least 1 km. This is why it is vital to make some assessment of paleoaridity independent of the conventional δ 18 O sc measurements.
The second data set that we briefl y consider comes from selected locations along a northsouth transect across the Himalaya and Tibet (Fig. 10  Fig. 10 ). This is work in progress, but enough information is already in place to make some useful observations. As with other data sets, we focused on sampling deeper (> 50 cm) carbonate from younger profi les, although in the case of Tibet we also obtained carbonates from older geomorphic surfaces, in order to develop some perspective on the isotopic effects of climate variability during the Quaternary.
In general, δ
O sc values follow the expected pattern based on changes in modern δ
O mw values across the Himalayan-Tibetan orogen (Fig. 10) . To make this comparison we drew on our published and unpublished data on Holocene-age carbonates from three areas: modern Pakistan, southern Tibet, and a few scattered sites in NE Tibet. In Pakistan, twelve analyses of modern pedogenic carbonates from three profi les yield an average value of −6.3‰ (Quade and Cerling 1995) . This value is very similar to the long-term average for the Quaternary-age paleosols from Pakistan (−6.4‰) and from central Nepal (−7.0) (Quade et al. 1995b ). The most negative modern δ
O sc values of −7.7‰ in Pakistan, and −8.5‰ for the late Neogene Siwalik paleosols are also very similar, and are close to that predicted (−8.7‰) to form from weighted modern δ
O mw values from New Delhi (Araguás-Araguás et al. 1998). So, based on this admittedly restricted sample of carbonates and rainfall, the system appears to be well-behaved: we can accurately reconstruct paleo-elevation for these sites during the late Neogene, which have always been at low elevation (< 500 m), using the most negative δ
O sc values, and the scatter of δ
O sc values is relatively low (< 3‰), indicating only modest evaporative modifi cation.
Turning briefl y to southern Tibet, we have preliminary data from sixteen surface soils collected between 29 and 32°N, 79 to 92°E, and 3800-5400 m. Pedogenic carbonate from these surface soils displays a range of morphologies from thin gravel coatings to pervasive matrix cements, suggestive in some cases of ages >Holocene, unlike our Mojave and Atacama soils, which are all very young (Holocene). The Tibetan samples yield a wide range of results, from −18 to +3‰ (Fig. 10) O values of surface waters from this area and approximate elevation (Garzione et al. 2004 ) range from −11 to −8‰, consistent with the higher observed δ 18 O sc values.
PALEO-ELEVATION ESTIMATES USING CARBONATE "CLUMPED ISOTOPE" PALEOTHERMOMETRY
Up to this point our review has focused on reconstruction of paleoelevation using δ 18 O sc values. This approach has the advantage that suitable samples are common constituents of paleosols, the necessary analytical methods are widely available and straightforward, and the various complicating factors, such as soil-water evaporation and post-depositional diagenesis, have been studied in samples with relatively well-understood histories. Nevertheless, the validity of this "conventional" method ultimately rests on the ability to: (1) account for the effect of temperature on the isotopic fractionation between soil water and pedogenic carbonate; and (2) distinguish orographic effects on the isotopic composition of meteoric water from other possible infl uences, such as seasonality, and climate and latitude change. Ghosh et al. (2006b) present an innovation to paleoelevation reconstruction using pedogenic carbonate that potentially addresses these issues. The Ghosh et al. approach uses carbonate "clumped isotope" thermometry (Ghosh et al. 2006a; Schauble et al. 2006) to impose an independent constraint on the temperatures of pedogenic carbonate growth. This information permits a more robust estimate of the δ 18 O mw from which carbonate grew and provides an independent constraint on paleoelevation by comparison with the altitudinal gradient in surface temperature.
Principles, methods and instrumentation
Carbonate clumped isotope thermometry is based on the temperature dependence of the abundances of bonds between 
are driven to the right with decreasing temperature. That is, ordering, or "clumping," of heavy isotopes into bonds with each other is favored at low temperatures.
We are aware of no analytical method for directly measuring the abundances of reactant and product species in equation (3) with precision suffi cient for useful geothermometry. Therefore, the carbonate clumped isotope thermometer uses the abundances of analogous species in CO 2 produced by phosphoric acid digestion of carbonate (i.e., O 2 ). These measurements are made using a gas-source isotope ratio mass spectrometer that has had its collection array modifi ed to permit simultaneous collection of all cardinal masses 44 through 49 corresponding to CO 2 isotopologues. (Santrock et al. 1985; Allison et al. 1995; Gonfi antini et al. 1995) . O considers its enrichment or depletion relative to the amount that would be present in the analyzed population of molecules if that population had a "stochastic distribution" of isotopes among all possible isotopologues; that is, if the probability that a molecule contains a given isotope in a given location within the molecule were entirely random. This enrichment or depletion is reported using values of "Δ 47 ," which are defi ned as the difference, in per mil, of the ratio of mass 47 to mass 44 isotopologues in a sample from that ratio expected for a stochastic distribution of isotopes in that sample. Note that the population of mass 47 isotopologues includes contributions from O using existing gas source isotope ratio mass spectrometers. These species must be accounted for when calculating the expected stochastic distribution and when interpreting observed values of Δ 47 , but are not a signifi cant complicating factor for most materials of interest to the present discussion. Standardization of Δ 47 values requires comparison of samples with materials that are known to have a stochastic distribution. This is generally accomplished by comparison with gases that have been internally equilibrated by heating to 1000 °C. The relationship between growth temperature of a carbonate mineral and the Δ 47 value of CO 2 produced by acid digestion of that carbonate is known for a variety of natural and synthetic materials (including recent pedogenic carbonate) (Fig. 11  Fig. 11 ). The temperature dependence of −0.005‰ per °C is clear but subtle. Moreover,
O is an exceedingly rare isotopic species, only ~45 ppm of most natural CO 2 . These factors give rise to the two principal technical limitations to carbonate clumped isotope thermometry: (1) exceptionally long analyses of ~one hour and large samples of ~5 mg are required to generate measurements of Δ 47 having precision good enough for many problems in paleothermometry; and, (2) samples must be thoroughly cleaned by cryogenic, gas chromatographic and other procedures prior to analysis Affek and Eiler 2006; Ghosh et al. 2006a ). The primary effect of these limitations is to slow the rate at which usefully precise measurements can be made. Previous experience suggests that the highest precision that can be consistently achieved is ~ 0.005 to 0.010 ‰ (Came et al. in review) , and involves such a high level of replicate measurements and standardization that only two or three unknowns per day can be analyzed.
Advantages and disadvantages
Carbonate clumped-isotope thermometry brings several signifi cant capabilities to the problem of paleoelevation reconstruction. Most importantly, the thermometer is based on the thermodynamics of a homogeneous reaction, involving a reaction among components of a single phase. Therefore, the temperature of carbonate growth is defi ned rigorously by analysis of the isotopic constituents of carbonate alone, or, more precisely, CO 2 produced from that carbonate. Nothing need be known about the isotopic composition of water from which carbonate grew to determine the temperature of carbonate growth. Secondly, the material analyzed to determine growth temperature is the same as that used to defi ne the δ 18 O sc value (in fact, the two measurements are made simultaneously on the same aliquot of CO 2 ). Because one knows the growth temperature from Δ 47 measurements and δ
18
O sc values through conventional measurements, one can calculate the δ 18 O sw value from which it grew based on the known temperature dependence of the carbonate-water oxygen isotope fractionation (e.g., Kim and O'Neil 1997 O water /∂T, for an altitudinal transect is, in many cases, a known or predictable quantity that differs from slopes resulting from variations in season, latitude or climate (Ghosh et al. 2006b ; see also Figure 15 of this chapter). Therefore, knowledge of this slope for a suite of related pedogenic carbonates can potentially distinguish between variations in surface temperature and/or the δ 18 O mw value caused by changes in elevation versus variations caused by other factors. In practice, this constraint will be more useful in some cases than in others because of natural variations in ∂δ 18 O water /∂T slopes for processes of interest, and because some suites of pedogenic carbonates will be infl uenced by more than one factor. Nevertheless, it provides another basis for improving the confi dence and precision of paleoelevation estimates.
Approaches to paleoelevation reconstruction based on carbonate clumped isotope thermometry also carry with them several disadvantages, most importantly, that the analytical techniques involved in a clumped isotope paleotemperature estimate Affek and Eiler 2006; Ghosh et al. 2006b ) are slow, technically diffi cult, and presently made in only one laboratory. It seems likely that these measurements will become more routine as they are adopted in other laboratories and improved through various possible innovations (such as automation). Nevertheless, the supply of data is a limitation at present. Secondly, the precision of data is poor for some problems. This too appears likely to improve through time (e.g., Came et al. in review) report carbonate clumped isotope measurements with precisions corresponding to errors of only ± 0.9 °C), but will remain a signifi cant issue for the foreseeable future due to the subtle temperature sensitivity of isotopic clumping in Reaction (1). Finally, because carbonate clumped isotope thermometry is a relatively new technique, the potential exists that there are unrecognized systematic errors in its application to pedogenic carbonates, such as unexpected fractionations during pedogenic carbonate growth, or poor preservation.
Diagenesis
Any attempt to reconstruct elevation using geochemical proxies must consider the possibility that diagenesis and burial metamorphism have overprinted the carbonate record. The δ
18 O values of all carbonates are quite susceptible to diagenetic alteration, as witnessed by the extraordinary diffi culty in reconstructing δ
18 O values of sea-water through deep geologic time using carbonates, as contrasted with, for example, δ 13 C values and 87 Sr/ 86 Sr ratios (e.g., Veizer et al. 1999) . Carbonates buried to depths of several km or less can be overprinted through dissolution and re-precipitation reactions with ground and formation waters. The best approach to evaluating the potential effects of diagenesis depends on the material under study. For example, studies that use non-marine shells can take advantage of the fact that unaltered shell retains its primary structure (Veizer et al. 1999 ) and has not been converted to calcite from aragonite. In the case of soil nodules, recrystallization to spar is a clear warning sign, since the primary texture of pedogenic carbonate is mostly micritic to microsparitic (Chadwick et al. 1988; Deutz et al. 2002; Garzione et al. 2004 ). These replacement textures can be identifi ed with the naked eye, optical microscope or cathodoluminiscope, and avoided by sampling with a slow-speed drill or similar tool, as in both our Andean and Tibet studies discussed below. This strategy appears to be suffi cient for recovering records of primary variation in δ 18 O sc and δ
13
C sc values (e.g., Koch et al. 1995) . However, there is no means of knowing, a priori, whether this approach will avoid overprinting of the 13 C-18 O ordering that governs the carbonate clumped isotope thermometer. Hence, in the next section on the Andes we discuss other ways to evaluate the fi delity of the clumped isotope thermometer.
Another approach to diagenesis discussed in the fi nal section of this paper is to look for heterogeneity in δ
18
O sc values of adjacent calcitic phases such as interbedded marine, detrital (Quade and Cerling 1995) , lacustrine (e.g., Cyr et al. 2005; DeCelles et al. 2007a) , and paleosol carbonates. The concept here is that diagenesis should tend to homogenize δ
18 O values that in a primary state may have had very different values.
PALEOSOL RECORDS OF PALEOELEVATION CHANGE: CASE STUDIES
We now turn to published and unpublished results of case studies from the Andes and Asia as illustrations of how δ
18
O sc and Δ 47 measurements from paleosol carbonates can be used in paleoelevation reconstruction. The key points that we address include: (1) accounting for the role of climate change in reconstructing paleoelevation; (2) testing for diagenetic alteration of primary δ
O cc values due to burial in deep sedimentary basins; (3) evaluating paleoaridity, and therefore extent to which evaporation has increased the δ
O mw values of paleowaters, producing underestimates of paleoelevation, (4) comparing pedogenic carbonate records to other sedimentary carbonates to determine the fi delity of various elevation proxies, and (5) the power of combining conventional δ 18 O mw and Δ 47 measurements in paleoelevation reconstruction.
Paleoelevation reconstruction of the Bolivian Altiplano
We can combine both δ 18 O and Δ 47 measurements of pedogenic carbonate from the Miocene deposits of Bolivia to trace uplift of the Bolivian Altiplano through time. The northern Altiplano is an attractive target for both approaches to paleoelevation reconstruction for several reasons. It preserves carbonate-bearing sediments deposited over much of its uplift history; the modern altitudinal gradients in temperature and the δ 18 O mw values are known (Gonfi antini et al. 2001), providing a locally calibrated basis for reconstructing past elevation; modern rainfall rates are > 250 mm/yr, providing adequately wet conditions to reconstruct meteoric water compositions; previous studies of the mountain belt history and geomorphology of the Altiplano provide observations that can be used to test and elaborate on one's results; and, the amplitude of elevation change is large (several km) and thus the analytical precision of clumped isotope measurements is not a severe limitation.
The Altiplano basin is a broad internally drained basin that occupies the central Andean plateau between 15°S and 25°S. At an average elevation of ~3800 m, the Altiplano is situated between the Eastern and Western cordilleras that reach peak elevations in excess of 6 km (Figs. 1a, 2a) . The Western Cordillera is the modern magmatic arc of the Andes, and the Eastern Cordillera is a fold-thrust belt made up of deformed Paleozoic metasedimentary rocks. The Altiplano basin has been internally drained since at least late Oligocene time, evidenced by both westward paleofl ow and derivation of sedimentary sources from the Eastern Cordillera (Horton et al. 2002; DeCelles and Horton 2003) . The late Miocene stratigraphic sections near Callapa are ~3500 m thick and are exposed in the eastern limb of the Corque synclinorium. Three measured sections include fl uvial and fl oodplain deposits in the lower 1200 m and the upper 800 m and widespread lacustrine deposits (laterally continuous for more than 100 km along strike) in the middle part of the section . Age constraints on these rocks come from 40 Ar/ 39 Ar dates on tuffs within our measured section (Marshall et al. 1992 ) and magnetostratigraphy (Roperch et al. 1999; Garzione et al. 2006 ).
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Fluvial-fl oodplain and lacustrine sediments contain authigenic carbonates for which δ
18
O sc values and δ
13
C sc values were obtained ). The fl oodplain deposits contain both paleosol carbonate nodules and palustrine carbonates. Paleosols are massive and red to reddish brown. Discrete carbonate (Bk) horizons include rare carbonate rhizoliths and occur below the upper part of the B horizon that has been leached of carbonate. Paleosol carbonate nodules, 0.5 to 3 cm in diameter, were sampled between ~20 and 80 cm below the top of the paleosol where their depth within the soil profi le could be measured. In many instances, it was not possible to determine the top of the soil profi le because, in general, fl oodplain lithofacies show extensive oxidation and pedogenesis that makes it diffi cult to identify the top of individual soil profi les. Palustrine carbonates represent marsh or shallow pond deposits in the fl oodplain adjacent to fl uvial channels. These laminated, mud-rich micrites presumably precipitated seasonally when evaporation rates and productivity were higher. Within the lacustrine interval in the middle part of the section, carbonates are rare and include laminated, very thinly bedded, micritic limestone that contains vertical worm burrows and laminated, thinly to thickly bedded, calcareous mudstone. In thin section, paleosol, palustrine, and lacustrine carbonates lack sparry calcite, suggesting that they have not undergone extensive, late-stage diagenesis. This inference is supported by Δ 47 paleothermometry data that indicate that pedogenic carbonates do not show a systematic increase in formation temperature with burial depth Fig. 12 water and carbonate that precipitated from it (e.g., Talbot 1990) . Studies in the Altiplano region support the inference that closed-lake waters in the Altiplano and Eastern Cordillera have higher values of δ
E s t im a t e d b u r ia l g e o t h e r m
18
O than local rainfall (Wolfe et al. 2001 ). In addition, Altiplano lacustrine deposits contain abundant gypsum suggestive of extreme evaporation that would systematically bias carbonates toward lower estimates of paleoelevation. Comparing lacustrine deposits to paleosol carbonates above and below the lacustrine interval shows that δ
O mw values of lacustrine carbonates are on average 2.8‰ to 3.8‰ higher than pedogenic carbonates (Table 1  Table 1 ), which reinforces the notion that they record the effects of evaporative enrichment in 18 O. Palustrine carbonates form in settings comparable to open-basin lakes through which water fl ows and where evaporative enrichment is much less than in closed basins. These depositional environments are in communication with river waters, lack interbedded gypsum, and therefore should not be as evaporitic. Despite lack of evidence for extreme evaporation, these carbonates generally record δ
O values that are ~1‰ higher than δ
O sc values of similar age ( Table 1) . The consistently lower δ
O sc values indicate that paleosol carbonates are probably the most faithful recorders of the isotopic composition of meteoric water and therefore provide the best estimates of paleoelevation.
In modern soils globally, δ 13 C sc and δ
O sc values covary, with higher δ values refl ecting more arid conditions and lower respiration rates (Cerling 1984; Quade et al. 1989a; Deutz et al 2002) . In contrast, within the Altiplano basin, δ
13
C sc values increase at 7.6 Ma, whereas δ C values could be interpreted to refl ect lower soil respiration rates (e.g., Cerling and Quade 1993) or an increasing proportion of C 4 grasses in the Altiplano at this time, coincident with the global expansion of C 4 grasses (Cerling et al. 1997; Latorre et al. 1997 ). Analysis of both modern and fossil tooth enamel of large grazing mammals in the Altiplano shows no evidence for signifi cant C 4 presence in the region today or at any time in the Table 1 . Oxygen and carbon isotope data from stratigraphic sections sampled in the eastern limb of the Corque syncline (from Garzione et al. 2006) . Standard deviation (1σ) of the mean of each sample set is reported. VPDB -Vienna Peedee belemnite. Two pedogenic carbonate data points have been excluded, one that shows much higher temperatures relative to other pedogenic nodules of the same age (based on Δ 47 measurement) and one that has a much higher δ 18 O relative to other pedogenic nodules of the same age.
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Quade, Garzione, Eiler past 8 Myr (Bershaw et al. 2006) . Therefore, an increase in the proportion of C 4 grasses is an unlikely cause for the observed increase in δ 13 C sc values. We suggest that this increase may be the result of lower respiration rates due to increasingly arid conditions in the Altiplano.
Increasing aridity in Altiplano basin is supported by several lines of evidence from the sedimentary record. First, both the thickness of fl uvial channel deposits and their lateral continuity decrease up-section. In the oldest part of the section, channel sandstone bodies up to 15 m thick continue laterally for 100s of meters. Internally, these sand bodies consist of amalgamated lenticular beds that show low-angle cross stratifi cation, interpreted to refl ected lateral accretion on migrating longitudinal bars. Individual bar deposits are up to 2 m thick, refl ecting the maximum channel depth during high discharge events. Above the lacustrine interval, channel sandstone bodies are up to 5 m thick and continue laterally for tens of meters. Individual beds often contain trough cross-stratifi cation and are <1 m thick, indicating shallower channel depths compared to older deposits. Both shallower channel depths and a decrease in the lateral extent and overall thickness of sandstone channel deposits suggest lower discharge in the fl uvial systems above the lacustrine interval. The second line of evidence comes from the depth of pedogenic carbonate formation. Below the lacustrine interval, pedogenic carbonates were observed to have formed below 30 cm in the paleosol profi le, whereas pedogenic carbonates formed at depths as shallow as 16 cm in paleosols above the lacustrine interval. The observation in Holocene soils that depth to the Bk horizon increases with increasing mean annual precipitation (Royer 1999) suggests that the youngest part of the soil record refl ects the most arid conditions. The combined observations of increased aridity in late Miocene time point to lower soil respiration rates as the cause of the increase in δ 13 C values up section.
We revise and update paleoelevation estimates for the northern Altiplano here and in the following section on "clumped isotope thermometry." Realizing that Gonfi antini et al. (2001) mislabeled data in their Table 5 as weighted means, when they are in fact unweighted means, we estimate elevation as in Garzione et al. (2006) using the weighted mean values for 3 years of rainfall data reported in Table 6 of Gonfi antini et al. (2001) . Seven sites for which rainfall amount was also reported can be used for the regression. The linear regression to these data is:
where h = elevation in meters, and with an r 2 = 0.95 ( Fig Fig. 2a, 14 14) . We choose a linear regression because there are not enough data points in the weighted mean data set to evaluate whether a polynomial provides a better fi t to the data. Surface water data collected over 2004 and 2005 years from small tributaries along the Coroico River, where rainfall samples were collected, agree with the weighted mean values observed in the sparse rainfall data set and show a similar isotopic gradient to Equation (4), which indicates that the isotopic gradient observed in meteoric water is refl ected in surface water. Use of Equation (4) produces elevation estimates of: 400 to 2200 m in carbonates deposited before 10.3 Ma, 2000 to 3800 m in carbonates deposited between 7.4 Ma and 6.8 Ma, and 4000-4700 m in carbonates deposited after 6.8 Ma. This reanalysis of the data based on weighted mean precipitation suggests essentially the same amount of surface uplift (2.5 to 3.6 km) as our original estimates of 2.5 to 3.5 km. It also brings the calculated elevations for the oldest part of the section into a more reasonable range, 
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with all values above 400 m, as opposed to the negative elevations calculated for the oldest part of the record in Garzione et al. (2006) . Given that paleoelevation estimates are prone to systematic biases that tend to underestimate elevations, we suggest using the difference between the highest elevation estimates prior to 10.3 Ma and after 6.8 Ma of 2.5 km as a conservative estimate for the amount of late Miocene surface uplift, with an uncertainty of ±1 km (see Rowley and Garzione 2007 for discussion of uncertainties) Ideally, to apply stable isotopes to paleoelevation reconstruction, low-elevation records of regional climate are required to constrain variations in climate that may infl uence the isotopic record. For example, the Siwalik foreland basin deposits south of the Himalaya provide low-elevation constraints on climate and the isotopic composition of meteoric water used to estimate elevations in southern Tibet (Garzione et al. 2000a; Rowley at al. 2001; Currie et al. 2005) . The accuracy of the current estimates of paleoelevation of the Altiplano is limited by lack of data from simultaneous low elevation records in the Subandean foreland (Rowley and Garzione 2007) . Several potentially confounding variables that are currently unconstrained are the proximity and isotopic composition of sources of water vapor, secular changes in terrestrial temperature associated with late Cenozoic cooling, and the effects of climate change on the isotopic lapse rate. Because of extensive evapotranspiration over the Amazon basin, modern water vapor delivered to the eastern fl ank of the Andes is isotopically similar to water vapor at the Atlantic coast . However, the continental isotopic gradient may have changed through time as a result of changes in plant cover and/or changes in the extent and nature of inland water bodies in the Amazon basin. Recent studies document a late Miocene marine incursion in the northern Subandean foreland. Although these marine rocks lack precise age constraints, Hernández et al. (2005) show that at least one marine unit was slightly younger than 7.7±0.3 Ma. Hernández et al. (2005) , Uba et al. (2006), and Hoorn (2006) show that marine conditions existed briefl y, while lacustrine conditions prevailed for longer time periods. A lacustrine origin is supported by stable isotopic evidence that indicates a predominantly Andean freshwater and cratonic freshwater origin for the water isotopic composition recorded in microfossils deposited between 18°S and 19°S (Hulka 2005) . The changing paleogeography of the Andean foreland points to the need to better establish foreland records of both climate and paleogeography to more accurately constrain paleoelevation of the Altiplano in late Miocene time.
Results from clumped isotope thermometry
Burial effects. Eiler et al. (2006) examined the effects of post-depositional alteration on the carbonate clumped isotope thermometer in soil and lacustrine carbonates from the northern Altiplano, spanning a range in age from 0 to 28.5 Ma and maximum burial depths from ~0 to ~5 km. Age and burial depth estimates for these samples are based on data presented in MacFadden et al. (1985) , Kennan et al. (1995) , Kay et al. (1998) , Garzione et al. (2006) , and Ghosh et al. (2006b) and on unpublished magnetostratigraphic, U-Pb geochronologic, and stratigraphic data summarized in Eiler et al. (2006) . The results (Fig. 12) demonstrate that the temperatures recorded by carbonate clumped isotope thermometry are uncorrelated with burial depth, generally (i.e., with one exception) indistinguishable from earth-surface temperatures, and preserve temperatures as low as ca. 20 °C in pedogenic carbonates as old as 23.6-23.7 Ma and buried as deep as 5 km. No systematic differences in apparent temperature were observed between soil and lacustrine carbonates, suggesting that the thermometer is insensitive to variations in textural characteristics such as grain size and porosity that might infl uence susceptibility to overprinting. These results suggest that burial diagenesis has no systematic effect on the temperatures recorded by the carbonate clumped isotope thermometer in micritic portions of pedogenic carbonates over timescales of tens of millions of years and up to burial temperatures approaching 200 °C. Nevertheless, there are reasons to remain cautious when applying this approach to new suites, because one of the samples originally examined by Ghosh et al. (2006b) recorded a temperature of 50 °C-higher than any plausible depositional temperature. This result is not representative of the record as a whole, but clearly indicates the possibility for overprinting during burial. Moreover, the samples in Figure 12 collected near Salla are shallowly buried but record temperatures that could lie on a burial geotherm. speculate that hydrothermal activity associated with nearby ~15-25 Ma magmatism might have partially or completely overprinted these samples.
Paleoelevations of pedogenic carbonate from the Corque syncline
Only the 11.4 to 4.6 Ma paleosols exposed in the Callapa section (Figs. 1a, 12 ) of the Corque syncline have been studied in enough detail to justify a detailed reconstruction of elevation history. Ghosh et al. (2006b) present such a reconstruction, which we now review. Our discussion of these data differs in some respects from that presented in Ghosh et al. (2006b) because we have re-evaluated the constraints on long-term climate change (which infl uences the low-elevation "base line" of a paleoalititude estimate) and re-calculated the elevation trend to δ
18
O mw values across the central Andes today. Figure 12 includes data for Callapa pedogenic carbonates from two sources; those from Ghosh et al. (2006b) were analyzed with a relatively high degree of replication and have uncertainties in Δ 47 equivalent to ±2 to 3 °C, whereas data from Eiler et al. (2006) were not as thoroughly replicated and have uncertainties in apparent temperature averaging ±5 °C. This latter data set is suffi ciently precise to test for burial metamorphic overprinting (Fig. 12) , but provides inferior constraints on paleoelevation. We therefore focus our discussion on the data from Ghosh et al. (2006b) . Ghosh et al. (2006b) found that pedogenic carbonates from Corque syncline paleosols deposited between 11.4 and 10.3 Ma record carbonate precipitation temperatures of 28.4 ± 2.6 °C (standard error, or s.e., of ±0.9 °C); those grown between 7.6 and 7.3 Ma record temperatures of 17.7 ± 3.1 °C (s.e. of ±2.2 °C); and those grown between 6.7 and 5.8 Ma record temperatures of 12.6 ± 5.6 °C (s.e. of ±2.8 °C). This range in apparent temperature through time is broadly similar to the modern temperature variation with elevation between the east fl anks of the Andes and the Altiplano, suggesting that the Altiplano may have risen from low elevation (ca. 1 km or less) to its modern elevation (ca. 4 km) between 10.3 and 6.7 Ma. Note that apparent temperatures for pedogenic carbonates grown between 11.4 and 10.3 Ma are at the high end of modern temperature variations at low elevations on the fl anks of the Andes. This could refl ect a warmer Miocene climate and/or preferential growth of paleosol carbonates during the austral summer. If we neglect this complicating factor, these data suggest cooling of 15.7 ± 2.9 °C (±1 se). Given the modern gradient in temperature with elevation in the Andes today (4.66 °C/km; Gonfi antini et al. 2001 and data compiled at www.climate-zone.com), this change is consistent with uplift of 3.4 ± 0.6 m, for an average uplift rate of 0.94 ± 0.17 mm/yr between 10.3 and 6.7 Ma. Differences in climate and latitude can account for anywhere between 1.3 °C (Savin et al. 1975; Smith et al. 1981 , Zachos et al. 2001 ) and 2.3 °C (Berner and Kothavala 2001) of the observed temperature change. If we correct for this systematic error, then the amount of cooling due to elevation change could be a minimum of 13.4 ± 2.9 °C (assuming a 2.3 °C change in low-elevation mean annual temperature, all between 10.3 and 6.7 Ma), implying elevation gain of 2.9 ± 0.6 m and an uplift rate of 0.80 ± 0.17 mm/yr. This fi gure is useful in two respects: (1) the fact that the trend defi ned by data for Miocene pedogenic carbonates parallels the trend for an elevation transect re-enforces the interpretation that variations in pedogenic carbonate growth temperature in the northern Altiplano and δ 18 O primarily refl ect elevation change rather than other factors (e.g., climate change; latitude change; changing seasonality of pedogenic carbonate growth); and (2) we can use a sample's position in relation to the iso-elevation contours in Figure 15 to estimate its paleoelevation, thereby circumventing systematic errors that could occur if pedogenic carbonates had any variations in the season of growth. This is important because the plot of points in Figure 15 suggests that the season of formation for the pedogenic carbonates examined in this study are biased toward warm, low-δ 18 O conditions that prevail in the Bolivian austral summer. Our results suggest that the Altiplano rose 2.7 ± 0.4 km (from 0.6 ± 0.2 km to 3.3 ±0.4 km) between 10.3 Ma and 6.7, implying an average uplift rate of 0.73 ± 0.12 mm/yr.
Paleoatimetry of southern Tibet and the Himalaya
Burial effects. We have been involved in several studies in the Himalaya and Tibet that illustrate the need to carefully evaluate the potential effects of burial metamorphism on δ
18
O sc values before using them to reconstruct paleoelevation. The fi rst comes from Penbo in southern Tibet (Fig. 1b) where Leier (2005) analyzed paleosol carbonates in close stratigraphic proximity O of sea water (Savin et al. 1975; Smith et al. 1981) . O sc values −12 to −14‰ (Fig. 16  Fig. 16 ). These are implausibly low for a low-latitude coastal site and refl ect isotopic exchange, possibly at elevated temperatures, with meteoric waters with very low δ
O mw values, such as those that occur in the region today. To test this, Leier (2005) analyzed stratigraphically adjacent marine limestone, including spars, micrite, and fossils fragments. Again all phases-from matrix micrite to recrystallized fossils-yielded much lower δ Fig. 16 ) than expected (0 to −4‰) for late Cretaceous marine carbonates (Veizer et al. 1999) . This example clearly illustrates the effects of isotopic homogenization due to burial metamorphism of originally heterogeneous calcite phases.
The second example is unpublished data from paleosol carbonates of the Oligoceneage Dumri Formation in central Nepal (Fig. 1b) . The Dumri Formation underlies the better known Siwalik Group, and represents the early stages (Oligo-Miocene) of Himalayan foreland deposition. Non-paleosol carbonates are unavailable from our study sections to check for isotopic homogenization expected from diagenesis. Petrographic evidence shows local but not pervasive recrystallization of paleosol nodules. Most δ
O sc values, however, are < −17‰, implausibly low given that the paleosols must have formed near sea-level along the ancestral Ganges River and the foreland reaches of its paleo-tributaries. The Dumri Formation at this location experienced deep (> 8 km) tectonic burial under a thick thrust wedge of Greater Himalayan nappe rocks (DeCelles et al. 1998) , so resetting of δ
O sc values at elevated temperatures is unsurprising.
A fi nal example comes from the Nima basin located ~450 km northwest of Lhasa at about 4500 m, in the southern part of the Bangong suture zone, which separates the Qiangtang and Lhasa terranes in central Tibet (Fig. 1b) . The southern Nima basin contains more than 4 km of Tertiary alluvial, fl uvial, lacustrine, and lacustrine fan-delta deposits that accumulated next to growing thrust-faulted ranges (DeCelles et al. 2007b) . Lacustrine marl beds and welldeveloped calcareous paleosols are common in the informally designated Nima Redbed unit We devised an "isotopic conglomerate test" in order to assess the potential for diagenetic resetting of the isotopic paleoelevation signal (DeCelles et al. 2007a ). The Nima Redbeds contain numerous conglomerates interbedded with the marls and paleosols that we sampled for paleoelevation reconstruction. Among other rock types, these conglomerates contain abundant marine limestone clasts derived from the Lower Cretaceous Langshan Formation cropping out around the basin. Where paleochannels carrying these gravels scour into contemporaneous marls and paleosols, reworked paleosol carbonate nodules are also present in channel lags. The limestone clasts are composed of both micrite and sparite and commonly contain obviously recrystallized marine fossils. In contrast, the Tertiary lacustrine marls and nodular paleosol carbonates are dense, well-indurated micrite containing well-preserved gastropod, ostracod, and Chara fossils.
Our hypothesis is that if resetting by diagenesis has occurred in the Nima basin, carbonates of all types should exhibit uniformly very low δ
O sc values (< −6‰), owing to diagenetic interaction at higher temperatures with 18 O-depleted meteoric water that is characteristic of recharge in the region today. Critical here is that clasts of marine limestone should not retain their primary marine δ
O sc values of > −5‰ (Veizer et al. 1999) , as observed in the example from the upper Cretaceous Takena Formation.
Analysis of the reworked Cretaceous marine limestone pebbles and cobbles yielded several δ
O sc values > −3‰ (Fig. 17 Fig . 17 ), in the range expected for unaltered Cretaceous marine carbonates. This indicates that some of the limestone pebbles are not diagenetically reset despite a long history of uplift, erosion, and burial over a time period of approximately 80 million years. Other Cretaceous-age limestone pebbles yielded δ
O sc values ranging between −5‰ and −15‰, indicating that they have been diagenetically reset by interaction with meteoric waters (Fig. 17) . In sharp contrast, paleosol carbonate nodules-both reworked and in situ-in the Nima basin yielded tightly clustered δ (Fig. 17) , indicates that resetting of the limestone must have occurred prior to deposition in the Nima basin, during previous burial of the limestone. Thus, we interpret paleosol carbonate in the Nima basin as preserving the original isotopic composition of meteoric water during the late Oligocene.
Results from marl and fossil Chara and ostracodes in section with the paleosols strongly reinforce the view that the paleosol carbonates are preserving primary values. Marls range in δ C sc values in carbonates are far less prone to diagenetic resetting because of the very low carbon (versus high oxygen) content of natural waters. Results from the upper Cretaceous Takena Formation cannot be used to reconstruct paleoaridity, because of much higher pCO 2 at that time (Ekart et al. 1999) . However, results from the late Oligocene to early Miocene Dumri Formation and Nima redbeds are admissible. By contrast, δ
13
C sc values from Nima paleosols in central Tibet (Fig. 1b) formed at about the same time as those in the Dumri Formation, but on the other side of the Himalaya, and are much higher (−3.5 ± 0.6‰). These results are very close to the lowest δ 13 C sc values from modern pedogenic carbonates from immediately around Nima, which range from −3.4 to +7.7‰. The relatively high δ
C sc values for modern carbonates indicate mixing of atmospheric CO 2 with plant-derived CO 2 owing to low soil respiration rates, a result of arid local climate of ~200-250 mm/yr. Similarly, the high δ 13 C sc values from paleosol carbonates indicate very low soil respiration rates at 25-26 Ma (Fig. 6) . Ancient soil respiration rates of 0.15 to 0.7 mmoles/ m 2 /hr can be calculated from the one-dimensional soil diffusion model of Cerling (1984) and modifi ed in (Quade et al. 2007) , assuming model conditions given in the caption to Figure 6 . These respiration rates are very low and typical of sparsely vegetated, low-elevation settings in the Mojave (Quade et al. 1989a) . Aridity in modern Tibet is produced by orographic blockage of moisture arriving from outside the plateau, as well as by orographically induced stationary waves that tend to fi x dry, descending air over the plateau during most of the year (Broccoli and Manabe 1992 (Fig. 10) . These high values are consistent with the arid setting of Nima basin (annual rainfall is ~200 mm/yr).
The δ
18
O sc values of −17.0 ± 0.3‰ from paleosol nodules are much lower than δ
O sc values of modern pedogenic carbonate from around Nima of −13.8‰ to −6.1‰ (Fig. 10) . On the face of it this would appear to imply higher paleoelevations in the past compared to the present elevation of Nima at ~4500 m. However, this simple comparison is unrealistic because we know that corrections for decreased ice volume, a warmer Earth, lower latitude at 26 Ma, and likely changes in Asian monsoon intensity must be considered. Each of these factors can be considered separately. Or, as in the case of several previous studies (Garzione et al. 2000a; Rowley et al. 2001; Mulch et al. 2004; Rowley and Currie 2006) , changes in δ
O sc values from a nearby low-elevation site can be used to make the correction. The second approach has great advantages, since it both "anchors" the temperature-δ 18 O sc relationship of the paleoclimate system delivering the moisture to Tibet at some known elevation, in this case near sea level, and it subsumes the effects on δ
O sc values of changes latitude, temperature, global ice volume, and regional climate through time. Critical here is that-today at least-northern India and southern Tibet share a common climate dominated by the SW Indian monsoon.
As with previous studies (Garzione et al. 2000a; Rowley et al. 2001) , we can use the data from the Siwalik Group (Quade and Cerling 1995) in the Himalayan foreland of Nepal and Pakistan as our low-elevation reference site. These data only extend back to 17 Ma, since our attempts to extend the lowland isotopic record to the Oligocene failed, as already described. These records show increases in δ
O sc values in the late Miocene of about 2.5‰, comparing the most negative values (not the means) of the pre-late Miocene pedogenic carbonates (Quade and Cerling 1995) . We have interpreted this late Miocene increase in δ
O sc values as related to a weakening of the Asian monsoon (Dettman et al 2001) , the opposite of earlier-held views (Quade et al. 1989b; Kroon et al. 1991; Ruddiman et al. 1997) . Causes aside, this ~2.5‰ "correction" can be added to δ
O sc values from paleosol carbonate (−17‰) at Nima to yield about −14.5‰. This value is slightly lower than the lowest (least evaporated) modern pedogenic carbonate value from Nima of around −13.8‰. On this basis we conclude that δ
O sc values of paleosol carbonate-after correction-look very similar to modern values. This would imply little change in elevation of the site since the late Oligocene.
Central to our reconstruction is that the δ 18 O sc record from Pakistan back to 17 Ma can be applied to late Oligocene Nima, and the shift in the y-intercept of the system (Fig. 2b ) of ~2.5‰ encapsulates the changes in global temperature, latitude, sea-water δ
O values, and monsoon strength over the past 26 Ma. An additional (and related) assumption is that the slope of the modern δ
O sc value-elevation relationship for southern Tibet has not appreciably changed back through time.
The last assumption is an important one, because just viewing climatic patterns in Tibet today, the slope of the δ
O sc value-elevation relationship in Tibet is highly dependent on latitude, and should vary according to the strength of the Asian monsoon. For example, a weaker monsoon at 26 Ma should reduce the slope of the δ
O sc value-elevation relationship in southern Tibet-that is, northerly or local air masses would have had a stronger infl uence further south in the late Oligocene. This would have the effect of increasing our estimates of paleoelevation compared to today. Alternatively, we might argue that the Asian monsoon was stronger at 26 Ma, resulting in a locally steeper isotopic lapse rates with elevation and overestimated paleoelevation. However, this reasoning is contradictory by invoking a stronger Asian monsoon at 26 Ma in the presence of a lower plateau.
This brings us to our current "best guess" about the Nima record, that paleoelevation in the Oligocene at Nima was at least as high as today, and no higher than today only if the modern Asian monsoon-or something that coincidentally looks a lot like it in oxygen isotope terms Garzione et al. 2000b , and Rowley and Currie 2006 , distributed over a very broad and geologically diverse region. The challenge ahead is to see if our results from Nima and other sites in southern Tibet can be replicated, and to eventually reconstruct the uplift history of the rest of the plateau.
CONCLUDING REMARKS
Paleoelevation reconstruction is a relatively new science. Of the several approaches under development, the use of oxygen isotopes in pedogenic carbonates enjoy several advantages. As to soils themselves, pedogenic carbonate is relatively common in basin deposits of many orogens, especially on the drier leeside. For another, soils form in the presence of local rainfall, and hence are not infl uenced by the δ 18 O value of run-off from higher elevations in the way that, for example, riverine and lacustrine carbonates could be.
The δ
18
O analysis of pedogenic carbonate has the advantage of being routine but the major disadvantage of being a function of both temperature and of the δ
O value of rainfall variably modifi ed by evaporation. Paleoelevation can also be seriously underestimated due to the effects of evaporation. This effect can only be minimized by sampling deep in paleosol profi les and is probably an insurmountable problem in very dry settings (< 200 mm/yr) like the Atacama and low-elevation Mojave Desert. For this reason, Δ 47 analyses hold much promise because they are only temperature dependent. Here, a fi nal important advantage of soils comes into play: soil T collapses to slightly above (+1 to +3 °C) mean annual T at soil depth. Other common settings for carbonate formation such as oceans, lakes, and rivers can experience very large temperature swings diurnally or seasonally, and do not converge on mean annual temperature with depth. The combination of δ 18 O and Δ 47 analysis is especially powerful since it provides two largely independent estimates of paleoelevation. Δ 47 measurements of pedogenic carbonate allow mean annual temperature to be reconstructed, and paleoelevations to be estimated using temperature lapse rates. These same paleotemperature estimates allow δ 18 O mw values to be calculated from δ 18 O cc values, providing a second estimate of paleoelevation, assuming a local isotopic lapse rate.
Diagenetic resetting poses a serious problem for future paleoelevation reconstructions using carbonate, especially as we delve into the older and deeper geologic record where resetting of δ
O values is well documented in many situations. Our Tibetan and Bolivian studies offer two approaches to the problem, the Bolivian case where δ 18 O and Δ 47 values provide independent checks of each other, and the Tibetan case by analysis of co-occurring marine limestones.
In the longer view, the δ 18 O and Δ 47 combination entails the fewest assumptions and holds the greatest promise for paleoelevation reconstruction. However, this potential will only be fully realized when Δ 47 analysis becomes more routine and can be calibrated and tested in very young pedogenic carbonates formed in soils with well-constrained temperature histories.
